Comprehending the unique characteristics of structured ultrafast optical pulses is essential to the physics, applications and instrumentations of ultrafast lasers. However, fullvectrorial characterizations of the pulses remain challenging because of their multiple degrees of freedom. In this work, we implement and demonstrate the vectorial interferometric polarimeter for electric-field reconstruction (VIPER) which, for the first time, is able to precisely determine the specific three-dimensional E-field at every spatial-temporal coordinate throughout the entire detection region. This metrology provides a powerful tool for advanced ultrafast optics and paves the way for design optimization of ultrafast optics by providing the full information of the pulses, facilitating its applications in optical physics research, pump-probe spectroscopy and laser-based manufacturing.
temporal resolution (Fig. 1A) . The three components of the field, especially the z component which has not previously been reported in literature, will be calculated by using the geometric Fresnel equations in spectral domain.
The spectral amplitude and phase for the H and V channels, E ( , , ) and E ( , , ), respectively, can be calculated after applying the standard techniques for spatially resolved Fourier transform spectrometer. As shown in Fig. 1B , the beam splitting interface, plane , divides the incident light into the transmitted part, E , and reflected part, E where and are base vectors determined by the normal of , , and the unit wave vector, , which is the normal of wavefront , superscript 'S' stands for 'sample', such that:
Therefore, E and E can be described as E /( • ! ) and E /( • " ), respectively. Then, the x, y, and z components of the incident light can be written as: Fig. 2A (i-iv) are well matched with the conventional characterizations of this sample beam. However, the z component ( Fig. 2A(iv) ), mainly generated by the small angle (1 2 = 1.68°) between the sample and reference beam, also demonstrates the similar structure but with 1% ± 0.2% of the corresponding maximum of total amplitude. The background-cleaned spatial-spectral phases ( Fig. 2B(i-iii) ) show a delicate spiral structure that corresponds to the theoretical helicity of +1 at 1026.6 nm. Presenting the evolutions of the E-field versus time at the given spatial points, Fig. 2E (ii-iii) demonstrate the temporal modelated polarization states. Fig. 2E (iv) (Video S5) is the electric (red arrows) and magnetic (green arrows) fields projected on <. The magnetic field is determined by using the geometric relationship between ), A, and . It is clearly shown through the directions of the electric or magnetic field that the phase varies across < produced by 1 2 and the intrinsic phase of the incident pulse. The results presented in Fig. 2 validate the capability of VIPER for obtaining comprehensive information of complex optical pulses by resolving the 3D electric and magnetic field vectors throughout the entire detection regine. Fig. 3 indicates another important practical circumstance that VIPER can multidimensionally probe the scattered optical pulses generated by inserting an optical cleaning tissue before the PBS with the original left-handed circular polarization and Hermite-Gaussian (0,0) mode carrying incident beam. Fig. 3A(i) is the polarization ellipses of the pair (; + $ , ; + & ), which shows the modulated left-handed circular polarization at 1031.9 nm. Similarly with Fig. 2C(ii-iii) , Fig. 3A(ii-iii) demonstrate nearly perfect linear polarization because of the tiny value of the z component. the spatial-temporal amplitude of the total and individual E-field components and the energy density distribution at 196.3 fs (plane B) demonstrate the spatial domain speckle patterns. Modulated by the optical cleaning tissue, the amplitude characterization helps signify the complexity of the spatial-temporal configurations that reveals the scattering and absorbing properties of the medium. Fig. 3C (i) (Video S7) depicts the 3D vectorial structure of the entire pulse. Fig. 3C (ii-iii) (Video S8-S9), the 5.1X and 8.5X zoomed of Fig. 3C(i) observed at points = and >, as shown in Fig. 3C(i) with the angle of view (0, ?) and (3?/2, ?/2), respectively. In Fig. 3C(iv) (Video S10), the electric (red arrows) and magnetic (green arrows) fields projected on B demonstrate the polarizing sensitive modulation, by the scattering medium, on the optical properties of the incident pulse. By comprehensively and vectorially characterizing the ultrafast scattering fields, VIPER provides a promising foundation for investigating the optical properties of the matters as well as the pump-probe spectroscopy.
We have introduced the initial concept and the first implementation of VIPER for arbitrary input ultrafast optical patterns. The proposed methodology can completely manifest the full characterization of the spatial-temporal amplitudes of the three components of an ultrafast optical radiation carrying a complex polarization state through the whole detection region. It is proved to be a substantial tool for advanced ultrafast optics and paves the way for designing optimization of ultrafast optics by providing the full information of the pulses, facilitating its applications in optical physics research, pump-probe spectroscopy and laser-based manufacturing.
Fig. 1. Vectorial interferometric polarimeter for electric-field reconstruction (VIPER). (A)
Schematic diagram of the VIPER. BS = beamsplitter cube; PBS = polarizing beamsplitter cube; OW = optical window; NDF = neutral density filter, SHG-FROG = the second-harmonic generation frequency-resolved optical gating. The red and blue arrows respectively denote the direction of the sample and reference beam. The global (associated with the laboratory) and local (with the PBS) reference systems are denoted by OXYZ and oxyz, respectively. (B) Geometry of the beam splitting interface (plane , gray surface) of the PBS. The yellow, pink, cyan and chocolate arrows denote the bases for p, s polarizations, normal of and unit wavevector for the incident light, respectively. (C) Geometry of the polarizer. The directed angle between the transmission axis of the polarizer and the X-axis is usually set to +45°. 
